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Abstract

In 1979, 21 years after the moratorium on nuclear testing in the Marshall

Islands, surface sediment  samples (to depths of 2 and 4 cm) were collected

from 87 locations in the lagoon of Bikini Atoll, one of the two sites in the

Marshall Islands used by the United States to test nuclear devices from 1946

through 1958. The main purpose for the collections was to map the

distribution of long-lived man-made radionuclides associated with the

bottom material. In addition the samples were processed to estimate the

fraction of fine and coarse components to show, by comparison, what

modifications occurred in the composition since the sediments were first

described in samples collected before testing in 1946. Nuclear testing produced

more finely divided material that is now found in the surface sediment layer

over large areas of the lagoon and especially in regions of the lagoon and reef

adjacent to test sites. The 5 cratering events alone at Bikini Atoll redistributed

sufficient material to account for the higher inventory of fine material found

over the surface 4 cm of the sediment of the lagoon.  Although the fraction of

fine material in the bottom sediments  was altered by the nuclear events,  the

combined processes of formation, transport and deposition  were not

sufficiently dynamic to greatly change the general geographical features of the

major sedimentary components over most of the lagoon floor.



Introduction

A large scientific investigation of the natural environment of Bikini

Atoll, located in the northern Marshall Islands at about 11°36’ N, 165°22’ E,

was undertaken in the spring of 1946 (Emery et al. 1954) prior to testing  the

first U.S. nuclear device at the Pacific Proving Grounds.  One study described

the distribution of the different components that made up the lagoon

sediment. This was accomplished by collecting numerous bottom surface

sediment samples from the lagoon. In the laboratory the percentage of the

various components was estimated in about 900 samples. The chief

components included Foraminifera, coral, skeletal remains of Halimeda

algae, and shells of mollusks. Material finer than about on-half a millimeter

was not identified and grouped together as fine debris. Other minor

components, too rare to justify percentage estimates, included Lithothamnion

and other corallline algae, echinoid spines, sponge spicules, and bryozoans.

Maps showing the percentage Foraminifera, Halimeda debris, fine debris and

shells in the surface sediments were constructed (Emery et al. 1954) to describe

the distribution of  major components in the pre-test natural sedimentary

environment.

Subsequently,  23 nuclear tests were detonated between 1946 and 1958 at

Bikini Atoll.

Each nuclear event contributed different quantities of radioactive fission

products,  some particle induced radionuclides and unspent nuclear fuel to

the environment. These radionuclides became associated with the solid



material incorporated into the fireball of the explosions and , depending on

environmental and blast conditions, were transported to the troposphere

and/or stratosphere and were subsequently  deposited as local, intermediate

range and global fallout. Some local fallout was deposited on islands of Bikini

and  to the surface of lagoon. Much of the fine pulverized material eventually

settled to the surface of the bottom sediments. Internal waves, generated by

surface explosions over water, moved sedimentary material previously

deposited near test sites to different regions within and out of  the Atoll.

These man-made and some natural processes, such as normal circulation,

erosion,  tropical storms and typhoons, altered the natural distribution and

relative abundance of the fine material and other sedimentary components in

the surface of the lagoon sediment.

In 1979, 21 years after the moratorium on testing in the Marshall’s,

surface sediment  samples (to depths of 2 and 4 cm) were collected from 87

locations over the floor of the lagoon. The main purpose for the collections

was to map the distribution of long-lived man-made radionuclides associated

with the bottom material. The samples were also used to  estimate the

fraction of fine and coarse components in the sediment from the different

locations sampled.

During the late 1970’s and early 1980’s, these sediment studies were

assigned a low priority compared to programs that complemented clean-up at

Enewetak Atoll ; a large radiological survey of several other Northern

Marshall Island Atolls ; and resettlement considerations for Bikini Atoll. As a



result the sediment data were set aside to assess at a later date. In 1984 the

support for the marine studies in the Marshall’s was terminated.

Consequently,  the results and the sediment data from the 79 program

remained unpublished.  Now there appears to be a requirement  for sediment

information since plans for the resettlement at Bikini Atoll  call for dredging

lagoon sediments to build causeways and replace some soils on specific

islands.  Present support and facilities at the Atoll are not adequate to

resample the entire lagoon bottom for new surface sediment samples.

Information on radionuclide activity levels in, and the composition of, the

sedimentary material will assist in determining locations to dredge material

from the lagoon. In this report we describe the spatial distribution of fine

material and other surface sediment components and compare  these results

with those of Emery et al. (1954) to show what modifications occurred since

the sediments were described at a time prior to testing  any nuclear devices at

Bikini Atoll.

Materials and Methods

Nuclear Testing at Bikini Atoll

The names of the individual tests and the regions where the tests were

exploded are shown in Figure 1. Seventeen devices were exploded  from

barges anchored in the lagoon or on the reef. Two were airburst detonations;

one explosion was under water; and three were surface explosions on coral

soil or the reef.  The 23 tests were exploded at essentially 7 sites within the

Atoll. Table 1 provides some information extracted from Cieceo and Nordyke



(1964), Hawthorne (1979) and Lawson (1996) on each test exploded at the 7

regions. It is seen that many explosions occurred over ground zero locations

of previous tests. In the region of the Bravo crater, for example,  all 5

subsequent tests in the area (see Table 1) were conducted from barges

anchored within a radius of 65 m  from Bravo ground zero. The radius of the

Bravo crater is 912 meters. Therefore even  the Poplar event, the last test in

this region, (see Table 1) was detonated approximately 80 meters from the

outer rim of Bravo crater. Approximately half of the total effective energy

generated at Bikini over the entire nuclear testing program occurred in the

region of Bravo crater. The cratering events (see Table 1) vaporized and

resuspended considerable material to the atmosphere that eventually fell to

earth including   the local environment.

Sampling and Techniques

In 1979 a portable winch powered by a gasoline engine was used to

lower and raise a Shipek grab sampler. Sampling locations were preselected

using a systematic sampling plan treating the Atoll as a square grid to insure

all regions of the lagoon were sampled. Stations were separated

approximately by 1.5 nautical miles in both latitude and longitude. We

deviated from this grid only when the overlying water depth at a station was

too shallow for the research vessel or when the bottom material encountered

was  to difficult to sample. Upon reaching a designated site, the vessel stopped

and the Shipek was lowered at a slow rate to the lagoon bottom. At some

locations it was necessary  to lower the Shipek repeatedly before an adequate



sample was obtained. Penetration to depths in surface sediment was poor in

areas containing high percentages of coarse sediments, shell fragments, and

remains of species of Halimeda algae, and best in areas in which the bottom

sediment consisted of fine-grained material. The contents of the grab were

sub-sampled to depths of  2 and 4 cm with end caps and a short core. The

volume of material sampled with one end cap to 2 cm was 39.3 cm3. Usually

2-3 surface subsamples were removed from each grab and combined as a

sample for that station. The volume sampled to 4 cm with  the short core was

102.1 cm3. The core was obtained after the 2 cm subsamples were removed

from the grab.  This subsampling technique provided  2 series of

dimensionally comparative surface sediment samples.

All samples were placed in plastic bags, frozen, and returned to the

laboratories for processing and analysis. At LLNL the wet weight was

determined and then the samples were sieved through a 0.5 mm screen to

separate the less than 0.5 mm fraction from the coarse components.  Each

fraction was dried and weighed and the fraction of fine material in the total

dry sample was determined. The amount of Halimeda remains, shell

fragments, and foraminifera in the coarse fraction was estimated.

Results

Table 2 contains measurements of the percentage fine material;

Foraminifera; Halimeda; and shell fragments in the 0-2 cm surface sediments

samples collected in 1979. The last two columns contain the percent fine

material in the 0-4 cm section of surface sediment and the ratio for the



fraction of fine material in the 0-2 cm section relative to the fine material in

the 0-4 cm section. Values for the quotient range from 0.2 to 1.8 and average

0.96 so that on the average, the same, or slightly smaller, fraction of fine

material now extends from the sediment surface to a depth of at least 4 cm  in

the sediment column.

Discussion

1946 Distributions

Emery et al., (1954) plotted the percent abundance of the major

sedimentary components. Lines of equal abundance were drawn through the

25, 50 and 75 % abundance values. The weighted average composition

showed Halimeda debris most abundant (40%), followed by fine debris (23%),

coral (20%), Foraminifera (10%), mollusk shells (6%) and miscellaneous

material (1%). Plots showing the lines of equal abundance in Bikini lagoon

for fine material and Halimeda remains are enlarged from the original

Emery et al., (1954) report and  are shown as Figures 2 and 3. Emery et al.,

(1954) indicated that off the beaches fine debris was present in appreciable

quantities. Wave action broke the material near the beaches into fine debris

that was carried up to 5 km into the lagoon. On the downwind side (western

side) of the lagoon the area of most abundant fine debris was wide, irregular,

and located further from shore than on the upwind side (eastern side). This

pattern resulted from the greater wave action on the downwind side of the

lagoon.  The zone of fine debris appeared to be almost  entirely absent along

most of the upwind periphery from Aomoen island to Eneu island, except



along Bikini island. Fine debris was less abundant near the middle of the

lagoon, where it constitutes less than 10 percent of all components present in

each sample (stated by Emery et al. 1954, but not shown in Figure 2), because

the depth was too great for effective abrasion from waves and the distance

from shore is too great for contributions from the beaches. The fine debris,

therefore, had a ringlike distribution in the lagoon: open at the east end like a

horseshoe.

There was an area of abundant Halimeda debris in middle and deeper

part of the lagoon. Here the Halimeda segments made up at  least 75% of each

sample. The richest deposits were in the eastern half of the lagoon.  Small

regions of relatively low abundance of Halimeda generally coincided with the

areas of abundant deeper-water Foraminifera. In water depths greater than

about 55 meters, light was so reduced that live Halimeda plants do not

flourish, or are absent. In these regions one still found remains of pulverized

algae that originated at, and was transported from, shallower depths.

1979 Distributions

Figure 4 is developed  from the results in Table 2 and shows the 25, 50

and 75% abundance lines for fine debris in the 0-2 cm section of surface

sediment. Figure 5 shows the lines for comparable abundance of Halimeda

remains in the 1979 surface sediments. Many general features described by

Emery et al. (1954) are also apparent in the 1979 distributions. Highest

amounts of fine debris are still evident off the beaches and the most abundant

deposits are on the upwind side of the lagoon. The smallest fractions are still



found  in the middle of the lagoon but the area now defined by the 25%

contour line is smaller than in 1946. There appears now to be higher

percentages of fine material at downwind and northern lagoon locations that

are coincident with the major test locations shown in Figure 1. The mean %

of fine material is given in Table 3 and the regions bounded by lines of

comparable abundance are shown  in Figure 4. The area and fraction of the

lagoon area of each section is also shown. The mean % of fine material in the

surface layer of the lagoon sediment is computed from these values. It is

estimated that the 1979 fine components now occupy 41±3% of the lagoon

surface sediments compared to 23% estimated from the 1946 samples. The %

of the lagoon floor occupied by coral-shell fragments, Foraminifera, and

Halimeda decreased accordingly to 17, 13, and 28% in 1979. However the

general features for Halimeda debris abundance, shown in Figure 5, are

somewhat similar to those described for the 1946 samples in Figure 3. Lowest

amounts are around the inner perimeter of the lagoon  with abundances of

25% to 75% occupying the central section of the lagoon.  The area defined by

the 50 and 75% abundance lines for Halimeda are now substantially smaller

than the area occupied in 1946 due to the higher percentage of fine material

now found in the region. However the 1979 data no longer suggests any

richer deposits in the eastern half of the lagoon as Emery et al, (1954) found in

1946.

Bikini lagoon has an area of 6.29E+08 m2. The volume of sedimentary

material to depths of 2 and 4 cm are 1.3E+07 and 2.6E+07 m3, respectively.  In



1946, 23% of the surface sediment, or 2.9E+06 m3 to 2 cm and 5.8E+06m3 to 4

cm depth,  was fine debris.

 In 1979 it is estimated that 41% of the material in the lagoon surface

sediment is now  fine debris so that the volume of this material is now

5.1E+06 m3 to 2 cm and 10.3E+06 m3 to a depth of 4 cm. There has been a net

enrichment  in fine debris of 2.2E+06 and 4.5E+06 m3 over the first 2 and 4 cm

depth of the surface sediment layers since 1946.

From the dimensions of the 5 craters given by Hawthorne (1979), and

shown in Table 1, it is estimated that 1.25E+08 m3 of soil/sediment was

suspended during the cratering events.  The amount of new fine material,

now found in the lagoon to depths of 2 and 4 cm, represents 1.8 and 3.6%,

respectively,  of the volume of fine material generated during the cratering

events. Therefore the 5 cratering events alone generated sufficient material to

account for the inventory of new fine material found over the surface 2-4 cm

of the floor of the lagoon. This assumes no contribution of any solid material

from barge events which is  difficult  to imagine. Therefore nuclear testing

did increase (nearly doubled) the fraction of fine debris over the floor of the

lagoon. This necessarily  reduced the fractional contribution of the other

major sedimentary components in surface layers from regions of the lagoon.

Some amount of test-derived fine material must also be distributed to greater

depths in the sediment column. However there is little data available to

make a reasonable estimate of the inventory of new material  deeper than 4

cm.



In 1972, sediment and water samples were obtained from within Bravo

Crater aboard the R.V. Palumbo from the Puerto Rico Nuclear Center

(Noshkin et al., 1997b; Schell, et al., 1980). The maximum depth of overlying

water in the center of the crater at this time was 47 meters. If the estimate of

73 meters for the original bottom depth of the crater is correct, subsequent

events coupled with redistribution processes and sedimentation,  filled in the

bottom 26 meters of the crater  since it was formed in late February 1954. This

fill amounts to 1.21E+07 m3 of fine sedimentary material and occupies

approximately 13% of the original crater volume. Shell et al., (1980) found the

ordering sequence of radionuclide concentrations in different sections of a 56

cm long core collected from the center of Bravo crater in 1972 differed greatly.

They concluded that the radionuclides (and necessarily the sedimentary

material) in the uppermost sections of sediment result from the post-Bravo

tests conducted in the area. Thus a mixture of sediments labeled with

radionuclides from different tests have settled over time to partially fill the

original crater. The volume of fill also represents a small fraction of the

material generated in the cratering events alone.

Conclusions

Nuclear testing altered (increased) the fraction of finely divided

material now found in the surface sediment layer over large areas of the

lagoon and especially in regions of the lagoon and reef adjacent to test sites.

The increased fraction of fine material resulted from several processes

including (1) direct fallout of material to the lagoon surface and subsequent



deposition to the bottom sediments; (2) transport from reef flats initiated by

internal waves generated during the explosions; and (3) resuspension of

deposited ejecta from the nearby reefs or shallow regions and transport to

other regions within the lagoon by natural processes.  Although the fraction

of fine material in the bottom sediments  was altered by the nuclear events,

the combined processes of formation, transport and deposition  were not

sufficiently dynamic to greatly alter the general geographical features of the

major sedimentary components such as fine debris and Halimeda remains

over most of the lagoon floor.
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Table 1. Test Site Data and Crater Dimensions

Name of Event Date of Total Latitude 'N Longitude 'E Type of Burst Crater Dataa

Event (UTC) Yield (kt) of 11°N of 165°E and Placement Radius (m) depth (m) Estimated
(see footnote) Volume (m3)

Bravo 2/28/54 15000 41.450 16.417 b 912 73 9.56E+07
Romeo 3/26/54 11000 41.450 16.383 c none

Fir 5/11/58 1300 41.450 16.417 c none
Sycamore 5/31/58 130 41.450 16.417 c none

Aspen 6/14/58 320 41.450 16.400 c none
Cedar 7/2/58 220 41.450 16.417 c none
Poplar 7/12/58 9300 41.283 15.867 c none

Total Yield at location 37270

Tewa 7/20/56 5000 40.433 20.367 d 608 39.2 2.28E+07
Total Yield at location 5000

Union 4/25/54 6900 39.983 23.233 c none
Yankee 5/4/54 13500 39.933 23.217 c none

Cherokee 5/20/56 3400 40.100 23.650 e none
Navaho 7/10/56 4500 39.800 23.233 c none

Total Yield at location 28300

Maple 6/10/58 195 41.233 24.900 c none
Redwood 6/27/58 415 41.233 24.900 c none

Total Yield at location 610

Flathead 6/11/56 365 36.000 27.083 c none
Dakota 6/25/56 1000 36.167 27.083 c none

Total Yield at location 1365

Able 6/30/46 23 37.167 29.467 e none
Baker 7/24/46 23 37.167 29.467 f 39 7.6 1.84E+04

Total Yield at location 46

Koon 4/6/54 110 29.800 22.050 b 122 23 (12.5) 5.44E+05
Zuni 5/27/56 3500 29.800 22.150 b 351(376) 31.3 (35) 6.07E+06

Hickory 6/29/58 13 29.767 22.250 c none
Nutmeg 5/21/58 24 29.767 22.250 c none
Juniper 7/22/58 62 29.767 22.250 c none

Total Yield at location 3709
Total Yield Bikini Atoll 76300
Total soil/sediment displaced from cratering events 1.25E+08

a-estimated assuming crater resembles a spherical segment  (V=0.1667*π*d*(3*r2  + d2) where r is the radius and  
 d is the depth in meters. R and d values from Hawthorne (1979); Circeo and Nordyke (1964). Values for r and d differ 
 for Koon and Zuni. Circeo & Nordyke values shown in parenthesis. Volume computed using values from Hawthorne.
b-Surface burst from platform on coral soil.
c-surface burst from barge over deep water.
d-Surface burst from barge on water (7.6 m to bottom).
e-Air burst over water.
f-Underwater 27 m above lagoon floor.
NOTE: 1 minute or 60 seconds of latitude for Bikini(or longitude) is taken equal to 1 nautical mile or 1853 meters.
Therefore 0.1 minute of latitude (or longitude) is equivalent to a distance of 06 seconds or 185.3 meters. 



Table 2. Description of Major Materials in Bikini Lagoon Surface Sediment Collected during 4-6/1979. 

Minutes Minutes 0-2cm % fine 0-2cm % shells- 0-2cm 0-2cm 0-4cm %fine ratio fines
east of 165°E North of 11° N material coral % forams % Halimeda material 0-2cm/0-4cm

X coord Y coord by wt by wt by wt by wt by wt
33.5 31 75 10 8 6
32.5 30 18 73 3 7
32.5 31.5 47 27 23 3 54 0.87
32.5 33 42 35 6 16 42 1.00
32.5 34.5 30 18 11 41 37 0.81
32.5 36 89 4 4 3
31 37.5 19 9 4 68
28 37.5 34 14 10 42

26.5 37.5 17 22 24 37 21 0.81
26.5 36 6 7 15 72 6 1.08
28 36 8 6 18 68 8 0.95

29.5 36 10 10 32 48 6 1.69
31 36 59 9 10 21

29.5 34.5 38 11 23 28 39 0.98
29.5 33 23 12 33 32 29 0.80
29.5 31.5 41 31 10 18 48 0.85
26.5 31.5 42 33 10 16 51 0.82
26.5 33 13 11 24 52 17 0.74
26.5 34.5 6 4 18 72 10 0.62
25 34.5 22 20 22 37 29 0.75

23.5 34.5 3 6 7 84 5 0.60
22 34.5 13 10 29 49 17 0.75

20.5 34.5 11 14 5 70 8 1.35
19 34.5 50 19 12 18 55 0.91

17.5 34.5 59 24 12 6
16 34.5 77 11 10 3 76 1.01

14.5 34.5 65 11 15 8 65 1.00
14.5 36 74 6 6 13 76 0.98
16 36 24 15 14 46 15 1.59
16 37.5 44 36 8 12

17.5 39 78 8 8 6 79 0.99
20.5 39 100 0 0 0 100 1.00
19 40.5 52 7 3 38
19 37.5 36 10 25 29 41 0.89
19 36 13 42 26 19 14 0.89
19 33 62 22 11 6 65 0.95
19 31.5 63 18 13 5 60 1.05

21.25 29.75 59 29 7 5 68 0.87
33.3 30.9 96 2 1 1 97 0.99
31 31.5 65 18 11 6 66 0.99
28 31.5 57 22 8 13 60 0.95
25 31.5 42 30 9 19 28 1.50

23.5 31.5 13 13 16 57 32 0.42
22 31.5 48 26 10 16 65 0.74

20.5 31.5 38 35 8 19 43 0.89
17.5 31.5 67 19 9 5 62 1.08



Table 2. Description of Major Materials in Bikini Lagoon Surface Sediment Collected during 4-6/1979 (cont). 

Minutes Minutes 0-2cm % fine 0-2cm % shells- 0-2cm 0-2cm 0-4cm %fine ratio fines
east of 165°E North of 11° N material coral % forams % Halimeda material 0-2cm/0-4cm

X coord Y coord by wt by wt by wt by wt by wt
16 32.8 33 43 12 12 33 1.00

17.5 32.8 59 20 10 11 61 0.96
20.5 32.8 64 11 8 17 64 1.00
22 32.8 45 18 12 25 49 0.93

23.5 32.8 66 26 5 3 78 0.84
25 32.8 24 12 14 49 28 0.87
28 32.8 56 12 13 19 48 1.16
28 34.3 12 11 24 53 32 0.39
31 32.8 8 5 22 65 7 1.17
31 34.3 6 4 14 76 29 0.22

26.5 39 39 12 11 38
25 39 90 4 2 4
25 40.5 71 3 12 14

23.5 40.5 50 7 14 28
22 40.2 47 8 15 30

20.5 40.2 86 2 2 10
17.5 40.2 44 18 12 26 44 1.01
16 40.2 100 0 0 0
16 39 98 1 0 1 97 1.01

14.5 39 95 1 3 2 96 0.98
14.5 37.8 45 6 19 30 51 0.87
17.5 37.7 22 12 26 40 30 0.74
17.5 36 32 16 24 28 25 1.29
20.5 36 8 4 19 69 29 0.27
22 36 6 5 10 79 5 1.14

23.5 36 8 6 37 49 13 0.63
25 36 13 4 31 51 10 1.35
25 37.7 10 10 25 55 6 1.60

23.5 37.7 38 4 20 38 51 0.74
22 37.7 9 4 20 67 11 0.80

20.5 37.7 13 3 30 54 11 1.21
22 39 48 11 8 32 60 0.80

23.5 39 54 6 9 31 69 0.78
31 30.1 16 65 12 7

29.5 30.1 31 51 9 9 42 0.75
28 30.1 14 80 3 3 11 1.29

26.6 30.3 19 68 7 7 26 0.72
25.2 30.3 46 31 4 19 52 0.88
23.5 30.5 76 8 6 11 71 1.06
22 30.1 67 3 3 27 43 1.56

20.5 30.4 65 18 9 9 36 1.79



Table 3. Percentage of Fine Material in Surface 2 cm Layer of 1979 Bikini
Lagoon Sediments

     Percent
contribution

Percentage of to amount
Region described lagoon area    in entire
by lines of equal Mean percentage covered with     surface
     abundance of fines in region fine material  layer

 0% - 25% 13.1±5.9 32.4 4.2±1.9

25% - 50% 40.5±5.6 31.7 12.8±1.9

50% - 75% 61.1±6.5 27.1 16.6±1.9

75% - 100% 88.2±9.7   8.8     7.8±0.6    

Total % Fines in Surface Layer 41.4±3.3



Figure Captions

Figure 1. Names and Locations of Nuclear Tests at Bikini Atoll.

Figure 2. Distribution and % abundance lines of fine material (<0.5 mm) in

the surface of Bikini Lagoon Sediment Sampled in 1946.

Figure 3. Distribution and % abundance lines of the remains of Halimeda

algae in the surface of Bikini Lagoon Sediment Sampled in 1946.

Figure 4. Station locations defined in Table 2 and % abundance lines of fine

material (<0.5 mm) in the surface of Bikini Lagoon Sediment Sampled in

1979.

Figure 5. Station locations defined in Table 2 and % abundance lines of the

remains of Halimeda algae in the surface of Bikini Lagoon Sediment Sampled

in 1979.
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